Background/Aims: Natural killer (NK) cells are among the first immune cells that respond to an ischemic insult in human brains. The infiltrated NK cells damage blood-brain barrier (BBB) and exacerbate brain infarction. Buyang Huanwu Decoction (BHD), a classic Chinese traditional herbal prescription, has long been used for the treatment of ischemic stroke. The present study investigated whether BHD can prevent brain infiltration of NK cells, attenuate BBB disruption and improve ischemic outcomes. Methods: Transient focal cerebral ischemia was induced in rats by a 60-minute middle cerebral artery occlusion, and BHD was orally administrated at the onset of reperfusion, 12 hours later, then twice daily. Assessed parameters on Day 3 after ischemia were: neurological and motor functional deficits through neurological deficit score and rotarod test, respectively; brain infarction through TTC staining; BBB integrity through Evans blue extravasation; matrix metalloproteinase-2/9 activities through gelatin zymography; tight junction protein, nuclear factor-kB (NF-kB) p65 and phospho-p65 levels through Western blotting; NK cell brain infiltration and CXCR3 levels on NK cells through flow cytometry; interferon-g production through ELISA; CXCL10 mRNA levels through realtime PCR; CXCL10 expression and p65 nuclear translocation through immunofluorescence staining. Results: BHD markedly reduced brain infarction, improved rotarod performance, and attenuated BBB breakdown. Concurrently, BHD attenuated the upregulation of matrix metalloproteinase-2/9 activities and the degradation of tight junction proteins in the ischemic brain. Infiltration of NK cells was observed in the ischemic hemisphere, and this infiltration was blunted by treatment with BHD. BHD suppressed brain ischemia-induced interferon-g 
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Introduction
Immune responses are closely involved in all stages of ischemic cascade, and participate in the determination of overall outcome after a stroke [1, 2] . Natural killer (NK) cells are key components of the innate immunity, and are among the first immune cells that respond to pathogen invasion through cytolytic activity without prior sensitization. NK cells also modulate the adaptive immunity via cytokine production, and possess antigen-specific immunologic memory [3] . Due to its unique immunology features that orchestrate innate and adaptive immune responses, NK cells receive increasing attentions in the study of brain ischemia [4] .
NK cells infiltrate into the brain under numerous neurological conditions, including stroke [5] . Abundant NK cells are found in infarct and peri-infarct brain regions in postmortem studies, and infiltration of NK cells peaks at 2 to 5 days after ischemic stroke [6, 7] . Significant infiltration of NK cells is also found in rodents subjected to focal cerebral ischemia [6] [7] [8] . The recruitment of NK cells is initiated by chemokines, which are immediately produced by ischemic brain cells [6] [7] [8] . The infiltrated NK cells lose tolerance to neurons, augment local inflammation, increase blood-brain barrier (BBB) permeability, and eventually exacerbate brain infarction [6, 7] . The mechanisms underlying NK cell-mediated ischemic neuronal death may involve cytotoxic effects, exacerbated neuronal excitability, and upregulated NK cell stimulatory receptor and ligand for NK cell inhibitory receptor on neurons [6] . Depletion of NK cells can diminish brain infarction, suggesting the important role of NK cells in the ischemic brain injury [7] . Therefore, therapeutic strategies that inhibit post-stroke NK cell brain invasion may improve stroke outcomes.
Buyang Huanwu Decoction (BHD), originally recorded in "Yi Lin Gai Cuo" (Correction on Errors in Medical Classics), is a classic Chinese traditional herbal prescription and has been commonly used for the treatment of ischemic stroke for more than two centuries in China. From a traditional Chinese medical perspective, Qi deficiency and blood stasis are the main pathogenic features of ischemic stroke. Qi is the foundation of traditional Chinese medicine. It is loosely translated as vital energy and is considered to be the force that enlivens human body. BHD can tonify Qi flow, promote blood circulation and eventually revitalize stroke patients. Meta-analyses have demonstrated the efficacy and safety of BHD for acute ischemic stroke in both clinical applications and experimental settings [9, 10] . Transcriptome and proteome analyses reveal that BHD can regulate genes and proteins that inhibit inflammation and ameliorate BBB disruption 24 hours after focal cerebral ischemia in mice [11] [12] [13] . As aforementioned, brain ischemia-induced inflammation recruits immune cells, including NK cells, which breach BBB integrity, release massive proinflammatory cytokines, amplify inflammatory responses, and accelerate brain infarction. Hence, the present study investigated whether BHD would prevent infiltration of NK cells, attenuate BBB disruption, and ameliorate ischemic outcomes in a rat model of transient focal cerebral ischemia.
Behavioral tests
To assess the effects of BHD on the functional recovery of MCAO rats, the accelerating rotarod test and neurological deficit score were performed by an investigator who was blind to the treatment condition, as previously described [14] [15] [16] [17] . For the accelerating rotarod test, rats were placed on an accelerating rotarod apparatus (Panlab, Barcelona, Spain) in which the speed was accelerated from 4 to 40 rpm over four minutes. Three consecutive days before MCAO, rats received once-daily training sessions of three trials separated by 30-minute intervals. The longest amount of time each rat remained on the rod was recorded as baseline. Rats underwent three trials per day on the rotarod for three consecutive days after MCAO, and the best performance of each rat was recorded for that day.
For the neurological deficit score, rats were assessed for motor, sensory, and reflex performance using a modified 12-point neurological scoring system. Seven tests of motor performance (flexion of forelimb, flexion of hind limb, head movement 10º to the vertical axis, inability to walk straight, circling towards the paralytic side, falling to the paralytic side, and immobility), two tests of sensation (visual and tactile placement and a proprioceptive test), and three reflex tests (pinna, corneal, and startle reflex) were evaluated. A score of 0 (normal) or 1 (abnormal) was given for each test.
Brain infarction measurement
TTC staining was performed to determine the brain infarct volume. On Day 3 after MCAO, six 2-mm coronal brain sections were stained with 2 % TTC (2, 3,5-triphenyl tetrazolium chloride, Sigma, USA) at 37 °C for 15 minutes. The infarct area in white was measured using ImageJ (free download at http://rsbweb. nih.gov/ij/). The infarct volume was calculated as the sum of infarct area times the average slice thickness (2 mm).
Evans blue extravasation BBB integrity was evaluated by Evans blue extravasation on Day 3 after MCAO, as previously described [15] . Evans blue (2 % in saline, 4 mL/kg, i.v., Sigma) was given at the onset of reperfusion. To remove the intravascular dye, rats were transcardially perfused with PBS. Each brain hemisphere was weighted, homogenized in 2 mL 50 % trichloroacetic acid, and then centrifuged (4000×g for 40 minutes). The supernatant was measured for absorbance at 620 nm by spectrophotometry. The results were calculated against a standard curve and expressed as μg/g tissue.
Gelatin zymography
Gelatin zymography was performed to measure the activities of matrix metalloproteinase (MMP)-2 and MMP-9 on Day 3 after MCAO, as previously described [15] . Tissues from ipsilateral cortex were homogenized in a lysis buffer (50 mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl, 1 % Triton X-100), and centrifuged. Aliquots containing equal amounts of protein from each sample were incubated for 1 hour at 4 °C with gelatin-Sepharose 4B (GE Healthcare, Little Chalfont, UK) with constant shaking. The pellets were washed with a working buffer (lysis buffer without Triton X-100) and resuspended in 100 µL of elution buffer (working buffer with 10 % dimethylsulfoxide) for 30 minutes and then centrifuged. The samples were loaded on 10 % zymogram gelatin gels containing 1 % gelatin. After electrophoresis, the gels were incubated in renaturing buffer (50 mmol/L Tris-HCl, pH 7.6, 5 mmol/L CaCl 2 , 1 mmol/L ZnCl 2 , 2.5 % Triton X-100) for 45 minutes twice at room temperature, washed with washing buffer (renaturing buffer without Triton X-100) for 30 minutes twice, and then incubated in developing buffer (50 mmol/L Tris-HCl, pH7.6, 5 mmol/L CaCl 2 , 1 μmol/L ZnCl 2 , 0.02 % Brij-35,) for two days at 37 °C. The gels were stained for 1 hour in 0.5 % Coomassie blue (Yeasen, Shanghai, China) and then washed with water to obtain the clearest background for photography.
Flow cytometry
NK cell levels and CXCR3 expression on the surface of NK cells in the ischemic brain, spleen and peripheral blood were examined by flow cytometry. On Day 3 after MCAO, 3 to 5 mL blood was withdrawn via cardiac puncture, and then the rats were transcardially perfused with PBS. Brain and spleen were quickly removed. Brain tissues from ipsilateral hemisphere were enzymatic digested in HBSS containing 1 mg/mL Collagenase II and 10 mg/mL DNase I at 37 °C for 60 minutes, pressed through a 40 mm filter using a piston, and centrifuged at 400×g for 10 minutes at 4 °C. Cells were separated from myelin and debris using a 3-step Percoll density gradient (4 mL 30 %, 3.5 mL 37 % and 3.5 mL 70 % Percoll solution) and then centrifuged with low acceleration at 1000×g for 10 minutes at 4 °C. Lymphocytes in the interphase layer between the 70 % and 37 % Percoll were harvested carefully, washed and re-suspended in 3 % FBS/HBSS. Lymphocytes in the blood and spleen were separated using Lymphocyte Separation Medium (Dakewe, Shenzhen, China) according to the manufacturer's protocol. Cells were counted and then incubated for 30 minutes at 4 °C with PE-conjugated anti-rat CD161 (BioLegend, USA)/APC-conjugated anti-rat CD3 (BioLegend), or APCconjugated anti-rat CD161 (BioLegend)/FITC-conjugated anti-rat CD3 (BioLegend)/PE-conjugated antirat CXCR3 (R&D Systems, USA), and their corresponding isotype controls. After two washes, cells were fixed with 2 % paraformaldehyde at 4 °C. FACS was performed on BD AccuriTM C6 flow cytometer (BD Biosciences, USA). Data were analyzed using FlowJo (version 10, USA).
Western blotting
The protein levels of Occludin, ZO-1, NF-kB p65, Histone H3 and β-actin in the ipsilateral cortex on Day 3 after MCAO were detected by Western blotting. Briefly, brain tissues were dissected and sonicated in RIPA lysis buffer (Yeasen) containing protease inhibitor cocktails (Yeasen). The lysates were centrifuged at 12, 000 rpm for 10 minutes at 4 °C. For p65 and phospho-p65 detection, cytoplasmic and nuclear extracts were prepared using a Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime, Shanghai, China) according to the manufacturer's protocol. Protein concentrations were measured using the BCA method (Thermo Fisher Scientific). Samples with equal total protein were separated on 10 % SDS-polyacrylamide gels and transferred onto a nitrocellulose membrane (Millipore). The blots were blocked and incubated overnight at 4 °C with rabbit anti-Occludin (1:125, Thermo Fisher Scientific), rabbit anti-ZO-1 (1:500, Thermo Fisher Scientific), mouse anti-p65 (1:1000, Cell Signaling Technology), rabbit anti-phospho-p65 (1:1000, Cell Signaling Technology), rabbit anti-Histone H3 (1:1000, Abcam), or mouse anti-β-actin (1:5000, Sigma). After washing, the membranes were incubated with appropriate HRP-conjugated secondary antibodies (1:5000, Kangchen, Shanghai, China) for two hours at room temperature. Chemiluminescence was developed by Immobilon TM Western Chemiluminescent HRP Substrate (Millipore) and detected by ChemiDoc TM Touch Imaging System (Bio-Rad).
ELISA
On Day 3 after MCAO, the ipsilateral cortex was homogenized in PBS, and the total protein concentration was adjusted to equal amount. IFN-g protein levels in homogenates were detected by a rat IFN-γ ELISA kit (Dakewe, Shenzhen, China), according to the manufacturer's instructions.
Immunohistochemistry and immunofluorescence staining
The infiltration of NK cells in the ischemic cortex was assessed by immunohistochemistry on Day 3 after MCAO. Brains were fixed following transcardial perfusion, dehydrated, and cryo-cut. Free-floating sections (30 mm) were incubated with mouse anti-CD161 (1:200, BD Pharmingen), followed biotinylated anti-mouse IgG (Yeasen) and then strept avidin-biotin peroxidase complex (Yeason). The staining was visualized with diaminobenzidine kit (Yeasen) and captured by Zeiss AXIO Imager M2 microscope.
The expression of CXCL10 and its colocalization with neurons, endothelial cells, astrocytes, microglia and neutrophils were examined by immunofluorescence staining. The p65 was immunofluorescence stained with DAPI counterstaining. Free-floating sections (30 mm) were incubated with mouse anti-p65 (1:500, Cell Signaling Technology), and goat anti-CXCL10 (1:50, Santa Cruz Biotechnology) in combination with rabbit anti-NeuN (1:1000, Abcam), mouse anti-RECA-1 (1:500, Abcam), rabbit anti-GFAP (1:400, Abcam), rabbit anti-Iba1 (1:1000, Wako, Japan), or rabbit anti-MPO (1:50, Abcam) followed by appropriate Alexa Fluor 488 and 594-conjugated secondary antibodies (1:400, Jackson ImmunoResearch). Immunolabeling signals were captured by a Leica SP8 Confocal Microscope (double staining CXCL10 with NeuN, RECA-1, GFAP, and Iba1) and a Zeiss LSM880 Confocal Microscope (double staining CXCL10 with MPO, and p65 nuclear translocation). ImageJ was used to quantify the staining results. 
RNA extraction and real-time PCR
Total RNA from ipsilateral cortex on Day 3 after MCAO was isolated using TRIzol reagent (Thermo Fisher Scientific) and reverse-transcribed into cDNA using RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Real-time PCR was performed using StepOnePlus Real-Time PCR System (Thermo Fisher Scientific) with SYBR ® Select Master Mix (Thermo Fisher Scientific) according to the manufacturer's instructions. The mRNA levels were normalized against b-actin and presented as 2 -DDCT .
Statistical analysis
Data are expressed as mean ± SEM. Statistical analysis was performed using GraphPad Prism 5. For behavioral data, two-way repeated-measures analysis of variance was performed. Comparisons between two groups and multiple groups were evaluated by Student's t-test and one-way analysis of variance followed by Tukey's post-hoc comparisons, respectively. Differences were considered statistically significant at P<0.05.
Results
Quality control of BHD
According to the Chinese Pharmacopoeia and previous reports [18, 19] , seven representative bioactive ingredients were identified in BHD using HPLC analysis ( Fig. 1A and B). These ingredients included gallic acid, ligustrazine, hydroxyl safflower yellow A, paeoniflorin, calycosin-7-glucoside, ferulic acid, and formononetin, and their contents were 0.114, 0.034, 0.076, 0.544, 0.3, 0.181, and 0.039 mg/g dry weight of raw materials, respectively. Astragaloside IV, a representative bioactive ingredient of Huangqi, was identified using UHPLC-ESI/MS (Fig. 1C and D) , and its content in BHD was 78.5 mg/g dry weight of raw materials.
BHD improved functional recovery and ameliorated brain infarction in MCAO rats
Brain ischemia induced severe neurological and motor functional deficits as indicated by the neurological deficit score and accelerating rotarod test in MCAO rats. MCAO dramatically increased the neurological deficit score and reduced the length of time that rats were able to stay on an accelerating rotarod, and these deficits persisted for at least three days. BHD at 14 g/kg/day robustly ameliorated neurological deficit score from 5.0±0.5 to 2.0±0.5 on Day 3 after MCAO (P<0.01, Fig. 2A ). BHD also markedly increased the rotarod retention time from 63.4±11.9 to 118.4±13.4 seconds on Day 2, and from 53.4±8.7 to 105.2±13.7 seconds on Day 3 after MCAO (P<0.05, Fig. 2B ). At this dosage, BHD significantly reduced the brain infarct volume from 290.6±25.2 to 168.6±23.8 mm 3 on Day 3 (P<0.05, Fig. 2C and D) . BHD at lower dosage of 7 g/kg/day only had a tendency to reduce neurological deficit score and Cell Physiol Biochem 2018;50:1286-1300 
BHD attenuated BBB disruption, reduced MMP-2 and 9 activities, and preserved tight junction protein levels
Severe Evans blue extravasation was observed in the ipsilateral hemisphere compared with the contralateral side in MCAO rats. BHD robustly attenuated the leakage from 11.0±1.6 to 5.4±0.9 mg/g in the ischemic brain on Day 3 (P<0.05, Fig. 3A) . MMPs are known to mediate post-ischemic BBB disruption by degrading the extracellular matrix, tight junction proteins, and basal lamina proteins [20] . Among all MMPs, MMP-2 and 9 have been intensively studied for their roles in BBB disruption after brain ischemia. As shown in the zymography gel, there was a 10-fold increase for total MMP-9 activities and a 6-fold increase for total MMP-2 activities in the cortex of MCAO rats compared with those in sham-operated rats (Fig. 3B) . BHD markedly decreased MMP-9 and 2 activities to 4-fold and 3-fold of those in sham controls, respectively. As a result, protein levels of tight junction ZO-1 and Occludin in the ischemic cortex decreased to one fourth of those in sham-operated rats, whereas BHD robustly increased the protein levels of ZO-1 and Occludin to more than 70 % of those in sham controls (Fig. 3C-F) . Therefore, BHD may attenuate post-ischemic BBB disruption through inhibiting MMP-2 and 9 activities and consequently preventing the reduction of ZO-1 and Occludin protein levels in the ischemic brain.
Fig. 4. BHD inhibited the infiltration of NK cells into the ischemic brain, but did not affect NK cell percentage in the periphery on Day 3 after MCAO. Infiltration of NK cells to the ischemic cortex was detected by flow cytometry (A and B). Infiltration of CD161
+ cells were observed in the ischemic cortex as assessed by immunohistochemistry (C). BHD markedly inhibited the brain infiltration of CD161 + cells. There was a slight but not significant decrease in NK cell percentage of leukocytes in the spleen (D and E) and blood (F and G), and BHD had no effect on NK cell percentage in the periphery. ** P<0.01; n =8. 
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-lymphocytes using flow cytometry [8] . In the brain, nearly one third (32.2±4.9 %) of the infiltrating lymphocytes were NK cells in the ipsilateral hemisphere of MCAO rats, compared with 1.3±0.2 % in the contralateral hemisphere on Day 3 after MCAO (Fig. 4A and B) . BHD robustly decreased the percentage of NK cells to 17.6±1.5 % in the ischemic hemisphere (P<0.01), but did not affect that in the non-ischemic hemisphere (1.0±0.3 %). The results from flow cytometry were confirmed by immunohistochemistry. As shown in Fig. 4C , there were abundant CD161 + cells accumulating in the ischemic cortex. CD161 is primarily expressed on NK cells, and also on NKT cells, a subset of T cells and dendritic cells. BHD markedly reduced the infiltration of CD161 + cells. Meanwhile, in the spleen and blood, there was a slight and not significant decrease in the percentage of NK cells in lymphocytes in MCAO rats compared with those in sham-operated rats. NK cell levels remained unaffected following BHD treatment in both spleen ( Fig. 4D and E) and blood (Fig. 4F and G) compared with those in MCAO rats.
BHD reduced interferon-γ production and downregulated CXCL10 levels in the ischemic brain
Interferon-g (IFN-g) is one of the main cytokines produced by NK cells. Compared with sham-operated rats, IFN-g production increased more than 2-fold in the ischemic cortex of MCAO rats on Day 3 (17.9±4.7 v.s. 42.4±4.1 pg/mg, P<0.01, Fig. 5A ). However, the increased IFN-g production was markedly suppressed to 23.2±5.7 pg/mg by BHD treatment (P<0.05).
CXCL10 is one of the major chemokines, which can chemotactically recruit NK cells to the ischemic brain [7] . We evaluated the effects of BHD on brain ischemia-induced CXCL10 upregulation in the ischemic cortex on Day 3 after MCAO. CXCL10 mRNA level increased nearly 4-fold after MCAO compared with sham-operated rats (P<0.001), and BHD robustly decreased it to a level similar to that in sham controls (P<0.01, Fig. 5B ). Abundant CXCL10 protein was found in the ipsilateral cortex, as revealed by immunofluorescence staining (Fig. 5D) . On the contrary, CXCL10 was barely observed in the brain regions of sham control rats. As shown in the quantification data, brain ischemia induced a 12-fold upregulation in the protein levels of CXCL10 in the ipsilateral cortex compared with those in sham controls (P<0.001, Fig. 5C ). Consistent with the effects on mRNA level, BHD also robustly suppressed the induction of CXCL10 protein in the cortex after brain ischemia (3-fold v.s. 12-fold, P<0.001, Fig. 5C ). Furthermore, CXCL10 was found to be well colocalized with endothelial 
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-CXCR3 + cells using flow cytometry. CXCR3 expression was significantly increased on the surface of brain-infiltrated NK cells in MCAO rats compared with sham-operated rats (P<0.01), and this increase was markedly suppressed by post-ischemic treatment with BHD (P<0.05, Fig. 7A ). Consistent with the effects of BHD on peripheral NK cell levels, BHD did not affect CXCR3 expression on the NK cells in the spleen or the blood (Fig. 7B and C) . 
BHD inhibited nuclear factor-κB (NF-κB) activation in the ischemic brain
As a transcription factor, NF-kB plays an important role in post-ischemic inflammation and regulates the transcription of abundant cytokines, chemokines and immune receptors. As expected, brain ischemia induced the nuclear translocation of the p65 subunit of NFkB (P<0.05, Fig. 8A ) and phospho-p65 (P<0.05, Fig. 8B ) on Day 3 after MCAO, and p65 and phospho-p65 nuclear translocation was markedly inhibited by BHD, as assessed by Western blotting (P<0.05). We further stained p65 with DAPI counterstaining to confirm the inhibitory effects of BHD on MCAO-induced p65 nuclear translocation. As shown in Fig. 8C , MCAO induced p65 production and nuclear accumulation in the ischemic cortex, and both were robustly suppressed by BHD treatment.
Discussion
This study demonstrated that BHD, a well-known traditional Chinese herbal prescription, possessed the ability to prevent NK cells from infiltrating into the brain following cerebral ischemia. CXCL10 is the primary chemokine that attracts NK cells to the ischemic brain through its receptor CXCR3. BHD inhibited brain ischemia-induced upregulation of CXCL10, which was mainly produced by microvascular endothelial cells and partially by microglial cells and neutrophils in respond to IFN-g in the ischemic hemisphere. Concurrently, MCAOinduced upregulation of CXCR3 on the surface of brain-infiltrated NK cells was also suppressed by BHD. Therefore, the ability of BHD to prevent brain infiltration of NK cells following brain ischemia may involve inhibition of the CXCL10-induced chemotaxis of CXCR3-expressing NK cells. Suppression of NK cell brain infiltration may contribute to the beneficial effects of BHD to attenuate BBB disruption, reduce brain infarction, and eventually ameliorate functional deficits.
BHD is a well-known traditional Chinese herbal prescription, and is commonly used in the sequelae stage treatment of ischemic stroke patients in China. A meta-analysis of 19 randomized controlled trials has suggested that BHD is generally safe and can improve neurological deficits in treatment of acute ischemic stroke [9] . BHD has also been shown to have neuroprotective effects in animal models of focal cerebral ischemia [10] . In our study, we evaluated the neuroprotective effects of 7 and 14 g/kg/day BHD, and the latter dosage was translated from human according to the body surface area normalization method [21] . Compared with 7 g/kg/day, BHD at 14 g/kg/day produced significant better neuroprotective effects, and this result is consistent with a previous study [22] .
As quality control, we identified eight representative bioactive compounds in the water decoction of BHD according to the Chinese Pharmacopoeia and previous reports [18, 19] . Huangqi is the monarch drug of BHD. To develop a sensitive and accurate LC-MS/MS method for the determination of astragaloside IV, a representative bioactive ingredient of Huangqi, a triple quadruple mass spectrometer equipped with ESI was used to analyze the samples. It was found that the negative mode could offer higher sensitivities than the positive mode. By negative ESI, the [M+HCOO]-and [M-H]-ions were chosen as the precursor and product ions to obtain the highest intensity for MRM analysis. In optimizing the LC system for the accurate detection of astragaloside IV, the isocratic systems achieved shape peak and good separation with its isomer.
Clinical and experimental studies have highlighted that inflammatory and immune responses in the brain may determine the outcomes of stroke. Therefore, immune interventions hold great promise for the treatment of stroke [23] . Brain ischemia triggers a strong inflammatory response, which recruits lymphocytes to the ischemic brain [1, 2] . NK cells are among the first lymphocytes that invade the brain parenchyma within hours after stroke onset, followed by T and B cells [24] . Kinetics study has revealed that infiltration of NK cells starts within hours, peaks at 3 days, and lasts at least 30 days after ischemia in the mouse brain [7] . The peak of NK cell infiltration is also observed in 2 to 5 days post-mortem ischemic human brains [7] . The present study found that one third of brain-infiltrated lymphocytes were NK cells on Day 3 after MCAO in rats, and this echoes the findings in ischemic mouse and human brains. Strikingly, BHD robustly inhibited NK cell infiltration to the ischemic brain. It has been shown that NK cells accelerate BBB disruption, catalyze neuronal death, and exacerbate brain infarction following brain ischemia [6, 7] . In addition, depletion of NK cells in mice robustly diminishes the brain infarction [7] . These brain-infiltrated NK cells have upregulated activating receptor NKG2D, and can directly kill neurons that have lost NK cell tolerance through loss of MHC Ib [6] . They are the major sources of IFN-g, which can boost local inflammation, promote glutamate release, and induce hyperactivity and excitotoxicity in neurons [6] . NK cells also accelerate BBB disruption after brain ischemia via CXCL10-induced chemotaxis [7] . Therefore, the ability of preventing NK cell brain penetration may contribute to BHD's beneficial effects on BBB disruption, brain infarction and functional deficits in ischemic rats.
CXCL10 is a chemokine highly inducible by IFN-g, and is a chemoattractant for NK cells in the brain [25] . Abundant evidence has indicated the increase of CXCL10 in rodent and human brains after ischemia [7, 26, 27] . Depletion of CXCL10 has been shown to abolish the brain infiltration of NK cells after ischemia, suggesting that CXCL10 attracts NK cells infiltrating into the ischemic brain [7] . In agreement with these findings, our current study showed that brain ischemia upregulated both the mRNA and protein levels of CXCL10 in rat brains, and these upregulations were robustly reduced by BHD. CXCL10 can be produced by several types of brain cells [25] . In our experimental setting, CXCL10 was found to be primarily produced by ischemic endothelial cells, and partially by microglial cells and neutrophils. Therefore, our findings suggested that BHD may suppress CXCL10 derived from multiple cell types in the ischemic brain, including local brain cells (endothelial cells), inflammatory cells (microglial cells) and infiltrated immune cells (neutrophils), and these effects may eventually inhibit NK cell brain infiltration.
CXCR3, the receptor of CXCL10, highly expresses on NK cells, and its expression is dominantly driven by IFN-g [28] . It has been reported that CXCR3 expression and CXCL10 binding are increased in rodent ischemic brains, and these findings suggest that CXCL10/ CXCR3 may be a potential therapeutic target in ischemic stroke [7, 29] . In the present study, CXCR3 expression on brain-infiltrated NK cells was upregulated after MCAO, and this upregulation was markedly suppressed by BHD. Our findings further supported the notion that BHD may inhibit NK cell brain infiltration via suppression of CXCL10-CXCR3-mediated chemotaxis after brain ischemia. NF-kB activation plays a pivotal role in the induction of CXCL10 in response to IFN-g [30, 31] . Concurrent with induction of IFN-g, we also found p65 and phospho-p65 nuclear translocation in the ischemic brain on Day 3 after MCAO, indicating the activation of NFkB. BHD markedly inhibited IFN-g levels and the nuclear translocation of p65 and its phosphorylated form, suggesting that BHD may reduce brain ischemia-induced CXCL10 production via inhibiting IFN-g secretion and NF-kB activation. It has been shown that inhibition of NF-kB downregulates the transcription of CXCR3 [32] . In addition to CXCL10 and CXCR3, the transcription of MMP-2 and 9 also depends on NF-kB [33, 34] . In the acute stage of ischemic stroke, upregulation of MMP-2 and 9 has been linked to BBB disruption and leukocyte infiltration via degrading the basal components and tight junction proteins of BBB [20] . As aforementioned, we found that endothelial cell, the main component of BBB, was one of the major cell types that produce CXCL10 in the ischemic rat brain. Therefore, the BBB protection of BHD may involve the inhibition of NF-kB and its target genes, and thus contribute to the prevention of NK cell infiltration in the ischemic brain.
It is well noted that ischemic brain induces potent peripheral immunosuppression and incurs intercurrent infections, which are a major cause of morbidity and mortality in stroke patients [1, 23] . Patients suffered from ischemic stroke exhibit marked reduced spleen size and circulating NK cell numbers during acute phase of stroke onset, and these phenomena are also observed in MCAO mice [35] . In line with these findings, the present study also observed a slight decrease in the percentage of NK cells of lymphocytes in both spleen and circulating blood. Brain ischemia activates catecholaminergic and hypothalamicpituitary-adrenal (HPA) axis, which leads to immunity suppression in the periphery [35] . It is noteworthy that BHD treatment did not affect the NK cell levels in either the spleen or blood following brain ischemia. The absent effects of BHD on peripheral NK cells after brain ischemia suggest that BHD may not affect the adrenergic and HPA axis pathways. Furthermore, neither MCAO nor BHD treatment affected CXCR3 expression on NK cells in the spleen or blood. The mechanism underlying different effects of BHD on brain-infiltrated and peripheral NK cells requires further investigation. Together, our results suggested that BHD may only suppress NK cells and their CXCR3 expression in the ischemic brain, instead of those in periphery. These findings may partially explain the clinical safety and efficacy of BHD for acute ischemic stroke.
To our knowledge, this study is the first to demonstrate that BHD prevents the postischemic brain infiltration of NK cells, and this may contribute to its effects in reducing brain infarction, attenuating BBB disruption, and improving functional outcomes. The inhibitory effect of BHD on NK cell brain infiltration may involve its ability of suppressing NF-kBassociated CXCL10 production in the ischemic brain cells and CXCR3 expression on braininfiltrated NK cells. It is also important to note that the effects of BHD on NK cells and their CXCR3 expression are restricted to the ischemic brain, suggesting that BHD may not affect post-ischemic peripheral immunosuppression of NK cells. Thus, our findings lead to a better understanding of the utility and safety of BHD against ischemic stroke in the clinical practice.
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